1. Introduction {#sec1-ijms-19-03233}
===============

Multiple sclerosis (MS) is a chronic autoimmune disorder that is characterized by inflammation in the central nervous system (CNS) and demyelination of neurons and leads to collateral damage in neighboring CNS tissue \[[@B1-ijms-19-03233]\]. It is estimated that MS affects approximately 2.5 million people worldwide. While the cause of MS is not known, strong evidence suggests genetic and environmental factors are involved in the initiation of this disease \[[@B2-ijms-19-03233]\]. The majority of MS patients (85%) have episodes of disability followed by almost full recovery. As such, they are categorized as having a relapsing-remitting phenotype (RRMS). Over time, approximately 50% of RRMS patients will develop the secondary progressive version of this disease (SPMS), where inflammatory episodes decrease, but permanent neurological damage continues to develop \[[@B3-ijms-19-03233]\]. Even though there is no cure for this disease, there are 9 classes of Food and Drug Administration (FDA) approved drugs that effectively reduce inflammatory activity in MS and only 1 that has been approved for progressive versions of this disease \[[@B4-ijms-19-03233]\].

Over many decades, accumulating data show that CD4+ T helper (Th) cells, particularly Th1 and Th17 cells, play a critical role in inducing the inflammatory pathology of this disease. CD4+ cells are observed in the lesions of MS patients, polymorphisms in the MHCII genes are major genetic risk factors for disease \[[@B5-ijms-19-03233]\], and MS-like disease, called experimental autoimmune encephalomyelitis (EAE), can be induced in mice through the transfer of autoreactive T cells into healthy recipient animals \[[@B6-ijms-19-03233]\]. Despite this important role for T cells, more recent studies have found that B-cells also significantly contribute to disease. In fact, recent exciting clinical trial results have led to the FDA approval of the B-cell-depleting antibody, ocrelizumab, for MS \[[@B7-ijms-19-03233],[@B8-ijms-19-03233]\].

These observations described above demonstrate that both CD4+ T cells and B cells have critical roles in MS pathology, but it remains unclear how these cells cooperate to promote disease activity and progression in MS patients. One potential connection between these two populations is follicular T helper cells (TFH). This recently identified CD4+ subset has been shown to have potent activity in driving B-cell responses and recent studies have now begun to unravel their particular role in MS and in EAE. This review will discuss how these TFH cells act as a critical link between inflammatory Th17 cells and pathogenic B-cells, and how this axis can contribute to disease in MS patients.

2. Follicular T Helper (TFH) Cells {#sec2-ijms-19-03233}
==================================

While it has been well known that CD4+ T cells are capable of promoting B-cell activity, it was not until 2008 that the distinct follicular T helper (TFH) cells were identified as a unique lineage of helper T cells. TFH cells were initially described as a subset of the CD4+ T cell population that expressed the chemokine receptor CXCR5, were found in the B-cell follicles in secondary lymphoid tissues, and were extremely effective in driving germinal center formation and inducing B-cell response \[[@B9-ijms-19-03233],[@B10-ijms-19-03233],[@B11-ijms-19-03233]\]. After BCL6 was identified as the master transcription regulator of these CXCR5+ CD4+ cells, TFH cell are now recognized as an independent and distinct T cell subset \[[@B12-ijms-19-03233],[@B13-ijms-19-03233],[@B14-ijms-19-03233]\]. Since their discovery, TFH cells have been shown to be critical for effective B-cell activity in many different models of infection and vaccination. These cells have also been shown to be associated with many different autoimmune diseases including systemic lupus erythematosus (SLE) \[[@B15-ijms-19-03233]\], rheumatoid arthritis (RA) \[[@B16-ijms-19-03233]\], and MS \[[@B17-ijms-19-03233]\].

Currently, there is not a complete and thorough understanding of how naïve CD4+ helper T cells differentiate into mature TFH cells. However, many studies have provided some inroads on to the mechanisms involved in TFH differentiation. These studies have indicated that proper differentiation is "multistage and multifactorial" \[[@B18-ijms-19-03233],[@B19-ijms-19-03233]\]. The cytokines IL-6 and IL-21 are important for effective differentiation \[[@B20-ijms-19-03233],[@B21-ijms-19-03233]\]. IL-6 signaling through STAT3 and STAT1 leads to BCL6 expression in T cells in vitro \[[@B22-ijms-19-03233]\] and IL-6 leads to IL-21 production. IL-21 can also lead to BCL6 expression in T cells though there appears to be substantial overlap in signaling between these cytokines \[[@B21-ijms-19-03233]\]. Further complicating the process, experiments in knockout mice demonstrate that they are not the only factor involved \[[@B23-ijms-19-03233],[@B24-ijms-19-03233]\]. There is also evidence that the quality and duration of TCR/MHCII interaction during initial stimulation can affect whether a naïve T cell will differentiate into a TFH cell. Certain models demonstrate that T cells with a high affinity TCR are more likely to differentiate into TFH cells \[[@B25-ijms-19-03233]\].

Finally, complete differentiation of early TFH cells into mature TFH cells is dependent on interactions with B-cells \[[@B19-ijms-19-03233]\]. Sustained T cell/B-cell interactions are partially achieved through ICOS-ICOSL. Mice which lack ICOS have a sufficient deficiency in their TFH population \[[@B26-ijms-19-03233]\]. Interestingly, one study demonstrated that ICOSL expression on the noncognate, bystander B-cells serves to keep T cells within the germinal center (GC) and allow for their proper differentiation into TFH cells \[[@B27-ijms-19-03233]\]. Although B-cells clearly are important for proper TFH differentiation, this differentiation process can still occur in the absence of B-cells under certain conditions \[[@B28-ijms-19-03233]\]. All of these studies together demonstrate that there is a positive feedback loop between B-cells and TFH cells which is in part due to their similar expression of BCL6 and their reliance on similar cytokines for proliferation and differentiation. These cytokines include IL-6, IL-21, and BAFF; all of which signal on both TFH and B-cells. It is often a "chicken or egg" situation when examining whether a germinal center deficiency is a result of direct TFH inhibition or inhibition of B-cells leading to TFH inhibition. The important concept to keep in mind is that both populations stimulate and promote each other in vivo.

2.1. Functions of TFH Cells {#sec2dot1-ijms-19-03233}
---------------------------

TFH cells were initially identified in human tonsils in close proximity to B-cells \[[@B10-ijms-19-03233]\]. It has since been shown that TFH cells are able to localize to the B-cell follicle via expression of CXCR5 and downregulation of CCR7. Once in the follicle, TFH cells can provide help to B-cells by supporting their survival, proliferation, differentiation, and expansion. This requires a number of distinct roles for the TFH cells within the germinal center. They must be able to initiate the formation of the GC, induce somatic hypermutation in the B-cells, keep proliferating B cells alive and select for the most successful B cell receptor (BCR) mutations, induce class-switching, and stimulate their differentiation into memory B-cells and plasma cells. These diverse, and often contradicting, roles are achieved by TFH cells using a wide array of signals at different stages throughout the process. Due to this complexity, many of the mechanisms involved in these processes remain unelucidated.

The principal B-cell helper mechanism of TFH cells is through cytokine production. The predominant cytokine produced by TFH cells is IL-21. This cytokine has been shown to promote plasma cell differentiation in both humans and mice \[[@B23-ijms-19-03233],[@B29-ijms-19-03233]\]. Others have demonstrated that TFH cells also secrete other B-cell-associated cytokines such as IL-4 \[[@B30-ijms-19-03233]\] and BAFF \[[@B31-ijms-19-03233]\], as well as the chemokine CXCL13 \[[@B32-ijms-19-03233]\].

Apart from cytokines and chemokines, TFH cells can provide survival signals to proliferating B-cells through receptors such as CD40L and the TCR \[[@B19-ijms-19-03233]\]. Inversely, GC TFH cells also express high levels of FasL on their surface. This allows the TFH cells to induce apoptosis in the Fas-expressing B-cells within the germinal center. B-cells undergoing somatic hypermutation are able to escape death by receiving BCR-induced survival signals that overcome this Fas-FasL apoptosis signal. The B-cells with low affinity BCRs fail to receive these survival signals and undergo apoptosis. Once successful and productive somatic hypermutation has occurred, surviving B-cells are able to develop into memory B-cells or plasma cells and leave the germinal center \[[@B33-ijms-19-03233]\].

Another critical receptor highly expressed on TFH cells is PD-1. This receptor is responsible for inhibiting T cell proliferation and is associated with T cell exhaustion and tumor microenvironments \[[@B34-ijms-19-03233]\]. In the germinal center where TFH cells are constantly experiencing TCR stimulation, PD-1 helps prevent these TFH cells from proliferating out of control. Therefore, knocking out this signaling results in more TFH cells in the germinal center, but worse B-cell responses due to a less competitive environment \[[@B35-ijms-19-03233]\].

The processes of class-switching and somatic hypermutation, which both require activation-induced cytidine deaminase (AID), seem to be linked to TFH cell function, although the exact signaling and transcription mechanisms remain unclear. Similarly, the differentiation of plasma cells and memory cells and their exit from the GC has links to TFH activity, particularly IL-21 signaling leading to plasma cell formation \[[@B36-ijms-19-03233]\], but recent evidence suggests there are also inherent properties of B-cells driving the development of memory cells \[[@B37-ijms-19-03233]\].

2.2. Subsets of TFH Cells in Humans {#sec2dot2-ijms-19-03233}
-----------------------------------

Outside of germinal centers in secondary lymphoid tissue, TFH cells have been observed circulating in the blood in both humans and mice. These CXCR5+ cells were originally difficult to identify for several reasons. First, all T-cells transiently express CXCR5 upon initial T cell receptor (TCR) activation \[[@B38-ijms-19-03233]\]. Therefore, it was believed that these blood CXCR5+ T cells were simply activated T cells. The second issue with identifying these circulating TFH cells is their lack of BCL6 expression \[[@B39-ijms-19-03233],[@B40-ijms-19-03233],[@B41-ijms-19-03233],[@B42-ijms-19-03233],[@B43-ijms-19-03233]\]. This is particularly surprising because BCL6 is necessary for TFH differentiation \[[@B14-ijms-19-03233]\]. However, more recent studies found that these cells lacked other traditional activation markers and maintained CXCR5 expression for long periods, even in the absence of activation \[[@B44-ijms-19-03233]\]. Moreover, these CXCR5+ T cells were more potent in activating B-cell responses in cell culture experiments compared to the CXCR5-T effector population \[[@B41-ijms-19-03233]\]. Finally, the lack of BCL6 expression on these circulating TFH cells are thought to reflect the ability of TFH cells to downregulate BCL6 following commitment to TFH differentiation.

Additionally, these circulating TFH cells have been shown to be quite heterogeneous and have a range of subsets corresponding to the traditional CD4+ effector T cell subsets. These subsets can be identified by their expression of chemokine receptors CCR6 and CXCR3 and transcription factors. The Th1-like TFH subset is CXCR3+CCR6-Tbet+, the Th2-like TFH subset is CXCR3-CCR6-GATA3+, and the Th17-like TFH subset is CXCR3-CCR6+RORγT+. Each subset secretes both IL-21 as well as the cytokines associated with their corresponding subset; IFNγ, IL-4 and IL-13, and IL-17 respectively \[[@B39-ijms-19-03233]\]. Others have found that these subsets of circulating TFH cells have different abilities to act on B-cells and promote antibody production with Th17- and Th2-like TFH cells able to induce ample antibody production while TH1-like TFH cells were unable to promote this B-cell stimulation \[[@B39-ijms-19-03233],[@B45-ijms-19-03233]\].

Apart from circulating TFH subsets, regulatory TFH (Tfr) cells have also been recently discovered in humans. As a subset of regulatory T cells, these Tfr cells can be identified by their expression of CXCR5 and BCL6, as well as FOXP3 \[[@B46-ijms-19-03233]\]. These cells are thought to primarily act within the germinal center and serve to inhibit T cell-B-cells interactions, resulting in the reduction of affinity maturation and antibody production \[[@B47-ijms-19-03233]\].

3. B-Cells in Multiple Sclerosis (MS) {#sec3-ijms-19-03233}
=====================================

Although MS was originally thought to be primarily mediated by CD4+ T cells based on their presence in the CNS, B-cells have recently been shown to play a critical role in this disease. In particular, the B-cell-depleting anti-CD20 antibodies therapies (ocrelizumab and rituximab) have been effective in treating MS patients \[[@B7-ijms-19-03233],[@B48-ijms-19-03233]\]. One of the earliest indications that there is a humoral component in this disease is the presence of oligoclonal banding in the cerebrospinal fluid of MS patients. This banding indicates that antibody-secreting cells are present in the CNS during disease and they are producing antibodies to specific epitopes \[[@B49-ijms-19-03233]\]. However, the precise role of autoantibodies in MS remains controversial for several reasons. First, it is not clear what antigens are being targeted by the antibodies. Second, anti-CD20 is effective in MS patients despite not targeting antibody-producing plasma cells, which do not express CD20. Instead, antibody levels are not significantly reduced in patients following B-cell-depleting therapy \[[@B8-ijms-19-03233],[@B48-ijms-19-03233]\]. Nevertheless, there is evidence that autoantibodies contribute to disease to some degree because plasmapheresis effectively treats an active MS relapse and can be effective therapy in a subset of patients \[[@B50-ijms-19-03233],[@B51-ijms-19-03233]\].

Although autoantibodies may be a factor in disease progression, it appears that B-cells are contributing to MS disease pathology through additional mechanisms. One of these mechanisms is the production of pro-inflammatory cytokines. Studies have shown that inflammatory B-cells can secrete large amounts of IL-6, IFNγ, TNFα, GM-CSF, and IL-12 \[[@B52-ijms-19-03233]\]. In MS patients specifically, B-cells secrete increased amounts of the inflammatory cytokines IL-6 \[[@B53-ijms-19-03233]\] and GM-CSF \[[@B54-ijms-19-03233]\] while producing lower levels of the anti-inflammatory cytokine IL-10 \[[@B55-ijms-19-03233]\] compared to healthy controls. Strikingly, elevated IL-6 levels in MS patients are normalized to healthy levels in the blood following B-cell-depletion through rituximab therapy \[[@B53-ijms-19-03233]\].

Finally, B-cells can contribute to disease progression through their role as antigen-presenting cells to helper T cells. B-cells are able to process and present auto-antigens captured by their B-cell receptor onto their HLA receptors. This in turn can serve to activate the cognate autoreactive helper T cells via their TCR and additional co-stimulatory molecules such as CD40, CD80, and CD86. One study found that B-cells taken from MS patients were capable of activating helper T cells in the presence of neuro-antigens while B-cells from healthy controls were not \[[@B56-ijms-19-03233]\]. This indicates that B-cells from MS patients can maintain disease by reactivating helper T cells. Additionally, others have found that B-cells from MS patients have elevated expression of HLA-DR, CD40 \[[@B57-ijms-19-03233]\] and CD80 \[[@B58-ijms-19-03233]\].

It is clear that B-cells can contribute to disease progression in MS through the three mechanisms of autoantibodies, inflammatory cytokines, and antigen presentation. However, the role of B-cells in MS is complicated because they can also help to protect against disease and inhibit pathology. The most recognized B-cell subset that may protect against MS is the regulatory B-cell (Bregs) population. These B-cells produce large amounts of anti-inflammatory cytokines such as IL-10, IL-35, and TGF-β. There are ample reports in the literature examining how Bregs function and develop \[[@B59-ijms-19-03233]\], but this review will focus on the role of regulatory B-cells in MS. To begin with, several groups have demonstrated that B-cells taken from MS patients produce less IL-10 compared to B-cells taken from healthy controls. These MS B-cells also produce less IL-10 upon stimulation with Cpg \[[@B60-ijms-19-03233]\] or MOG peptide \[[@B61-ijms-19-03233]\].

This activity of regulatory B-cells could explain why other B-cell-targeting therapies have not shown efficacy in human trials. The most striking result demonstrating a potential regulatory mechanism of B-cells was from the clinical trial for the drug Atacicept. This trial was stopped early because it resulted in an increase in the relapse rate for the patients \[[@B62-ijms-19-03233]\]. Like anti-CD20 therapies, Atacicept reduces circulating B-cell numbers. However, instead of directly killing cells, Atacicept reduces B-cells by neutralizing BAFF and APRIL, two cytokines that are important for B-cell development, survival and function. It is still not clear why reducing B-cells with anti-CD20 or Atacicept have such disparate clinical trial results. One possible explanation is that certain regulatory B-cell subsets are being targeted in Atacicept treatment, although the mechanism needs to be studied further.

4. TFH Cells in Multiple Sclerosis {#sec4-ijms-19-03233}
==================================

The presence of autoantibodies in the central nervous system described above indicates that specific B-cell clones are undergoing selection and proliferating. This process of somatic hypermutation and clonal selection of B-cells typically takes place in germinal center-like structures and requires the support of follicular helper T cells. Unfortunately, few studies have looked carefully at the role of follicular T helper cells specifically in MS. One of the seminal reports in the field shows that TFH cells are elevated in the blood of MS patients and this population is positively correlated with the progression of disability \[[@B17-ijms-19-03233]\]. Additionally, the same study found that MS patients have an elevated ratio of CCR6+ Th17-like TFH cells compared to healthy controls. The Th17-like TFH cells are considered the most pathogenic and are the most effective cell type in supporting B-cell activity, particularly antibody production \[[@B39-ijms-19-03233]\]. Importantly, another study has demonstrated that effective treatment with dimethyl fumarate results in a rebalancing of these ratios by decreasing the pathogenic Th17-like TFH cells and increasing the Th2-like TFH cells \[[@B63-ijms-19-03233]\]. It is currently unclear how changes in these occur.

Apart from TFH cells explicitly, there are numerous markers associated with follicular T helper cells which are elevated in patients with MS. One common marker associated with MS is IL-21; the major cytokine produced by follicular T helper cells. Research has shown that progressive patients have increased expression of both IL-21 and IL-21 receptor (IL21-R) in their blood compared to healthy individuals \[[@B17-ijms-19-03233]\]. IL-21 producing T- circulating TFH-like cells affect disease, but it is likely that Th17-like TFH cells can better promote B-cell survival and class-switching, leading to further disease pathology.

In addition to altered ratios of TFH subsets, patients with MS have also been shown to be deficient in regulatory follicular T helper cells \[[@B64-ijms-19-03233]\]. This regulatory population has recently been shown to play an inhibitory role in many autoimmune disorders and diseases. In patients with MS in particular, these regulatory TFH cells are fewer in number and less functional compared to their healthy counterparts \[[@B65-ijms-19-03233]\].

TFH cells are also present in the lesions of MS patients further supporting their role in the disease \[[@B66-ijms-19-03233]\]. Finally, lowered levels of blood IL-21 levels were correlated with reduced disease activity following treatment with mitoxantrone \[[@B17-ijms-19-03233]\].

Other evidence supporting the importance of TFH cells were generated from genome-wide association studies (GWAS) of MS patients. These studies showed that polymorphisms in the TFH genes IL-21 \[[@B67-ijms-19-03233]\], CXCR5 \[[@B68-ijms-19-03233]\], and PD-1 \[[@B69-ijms-19-03233]\] were found to be either diagnostic or prognostic risk factors for MS.

While TFH cells and molecules associated with this cell population seem to be correlated with increased disease in MS patients ([Table 1](#ijms-19-03233-t001){ref-type="table"}), it remains unclear how this subset of cells promotes disease. One potential mechanism through which TFH cells can contribute to disease is promoting the inflammatory B-cell activities discussed above. This can be accomplished through their activity in the germinal center and through the production of cytokines. These same processes can occur outside of the germinal center in sites known as ectopic follicles.

5. Ectopic Lymphoid-Like Structures in Multiple Sclerosis {#sec5-ijms-19-03233}
=========================================================

In MS, neuro-inflammation produces cytokines and chemokines that result in immune cell infiltration into the central nervous system. These infiltrating cells are frequently dispersed across the CNS with more concentrated clusters in lesions and areas of active disease based on the concentration of chemoattractant and survival molecules. These clustered populations of infiltrating immune cells can develop a more complex organization as disease progresses. This organization can begin to resemble the structures and arrangement of cells within the follicles found in secondary lymphoid tissues like the spleen or tonsils. A significant population of MS patients (as much as 40% of SPMS patients) \[[@B80-ijms-19-03233]\] can develop these ectopic lymphoid-like structures (ELS) within their CNS tissue, particularly in the meningeal regions. These organized structures consist of B-cell clusters surrounded by T cells and provide an opportunity for germinal center reactions to take place within the site of inflammation. In these structures, B-cells can undergo both somatic hypermutation and class-switching. These B-cells can also differentiate into plasma cells and memory B-cells. As B-cells, particularly those later in development, can promote disease, it is not surprising that the presence of these follicle-like structures in the CNS of progressive MS patients is correlated with faster and more severe disease progression over time \[[@B80-ijms-19-03233]\].

Because these ELSs resemble germinal centers in both structure and function, many of the cells and cytokines associated with proper germinal center reactions are also associated with the development of ectopic follicles. Molecules like IL-7, lymphotoxin alpha (LTa), and receptor activator of NF-κB ligand (RANKL) are necessary for the proper development of both germinal centers and ectopic follicles \[[@B81-ijms-19-03233]\]. Additionally, chemokines like CXCL13 and CCL21 are critical to bring the T cells and B-cells together and form the complex arrangement of cells. Interestingly, CXCL13 is the primary ligand for CXCR5, found on TFH cells and B-cells. CXCL13 protein has been shown to be elevated in the blood of MS patients \[[@B82-ijms-19-03233]\] and transcripts are specifically elevated in active lesions compared to inactive lesions \[[@B77-ijms-19-03233]\]. In the brains of patients, these ectopic lymphoid follicles in the CNS are associated with more severe disease including microglia activation and demyelination \[[@B80-ijms-19-03233]\]. Additionally, these ELFs colocalize with demyelinating lesions \[[@B83-ijms-19-03233]\].

Although the development of these structures in tissue is not completely understood, there have been many studies looking at the formation of ELSs in many different autoimmune disease models. Through these studies, it has become clear that both TH17 and TFH cells play important roles these ectopic follicles. TH17 cells and the IL-17 they produce are critical to the development of autoreactive germinal centers \[[@B84-ijms-19-03233]\]. Once the follicle is formed, the presence of IL-21 and TFH cells likely support B-cell survival and provide signals necessary for affinity maturation and differentiation within the B-cells.

All of these studies together point to an important role for ectopic lymphoid follicles in promoting inflammation and maintaining an autoreactive cell population. Because TFH cells play a critical role in ELS formation and function, it is possible that the primary mechanism of TFH contribution to MS disease pathology is by acting within these ectopic lymphoid follicles and promoting B-cell activity in the CNS tissue.

6. Experimental Autoimmune Encephalomyelitis (EAE) {#sec6-ijms-19-03233}
==================================================

Experimental Autoimmune Encephalomyelitis (EAE) is the most common experimental model of MS in animals. It is a broad term describing many different models of CNS autoimmunity induced in a variety of vertebrates including rats, mice, rabbits, guinea pigs, and non-human primates. This model provides insights into the immune processes that occur in MS patients. It provides an opportunity to examine mechanisms of disease and test experimental therapies. In fact, the use of this model has already led to the development of numerous FDA-approved therapies for MS \[[@B85-ijms-19-03233],[@B86-ijms-19-03233],[@B87-ijms-19-03233]\].

EAE is induced by the injection of an antigen generated from myelin protein, along with an adjuvant and *Bordetella pertussis* toxin. The antigen and adjuvant are sufficient to initiate an autoimmune response to myelin and the pertussis toxin may act like an additional adjuvant or help permeabilize the blood brain barrier (BBB) and allows immune cell infiltration into the CNS. This experimental procedure results in an MS-like disease, symptoms of which include inflammation in the CNS, demyelination of neurons, and ascending paralysis. This paralysis is scored daily in a standard method on a scale of 0 to 5.

There are two primary models of EAE: active EAE and CD4 T cell adoptive transfer EAE (transfer EAE). Active EAE is initiated by immunization with a myelin antigen. Transfer EAE is induced by transferring activated CD4 T cells from active EAE mice into healthy mice. In transfer EAE, donor T cells are cultured in vitro with myelin antigen and polarizing cytokines promote the differentiation into distinct effector T cell subsets, such as T helper (Th)1 or Th17, before they are injected to recipient mice. EAE is a heterogeneous disease and can present differently depending on the induction method, the myelin antigen used, and the recipient mouse strain \[[@B88-ijms-19-03233]\].

6.1. Different Roles for B-Cells in Different Types of EAE {#sec6dot1-ijms-19-03233}
----------------------------------------------------------

Similar to MS, in EAE the role of B-cells is complex and is very much dependent on the type of EAE, and the manner in which it is induced. For example, the type of antigen used for EAE induction can determine whether B-cells are necessary for complete disease development. In mice that lack B-cells, immunization with rodent myelin-oligodendrocyte glycoprotein (MOG) peptide ~35--55~, results in normal disease progression. However, immunization with the complete recombinant MOG protein in B-cell-deficient mice results in no disease development \[[@B89-ijms-19-03233]\]. These results point to a critical role for B-cells in the initiation of disease in EAE induce with human MOG antigen.

Further studies have indicated that the human and rodent MOG antigens are processed and presented by different APC populations in the mice. They indicate that dendritic cells are primarily responsible for presenting the rodent MOG peptide while B-cells are more efficient at presenting the whole human MOG protein \[[@B90-ijms-19-03233],[@B91-ijms-19-03233]\]. However, this phenomenon does not entirely explain the lack of disease in whole MOG-immunized B-cells-deficient mice because these mice seem to have similar levels of immune response, as measured by cell activation and proliferation, compared to their B-cell-sufficient counterparts \[[@B89-ijms-19-03233]\]. One possible explanation of these results is that B-cells and dendritic cells process the whole protein differently and present different additional epitopes apart from the obviously encephalomyelitic MOG~35--55~ peptide. However, this needs further research to better understand the mechanism.

Apart from their potential role in the induction of disease through antigen processing and presentation, B-cells have a complex role to play in the progression of disease once it is induced. In the seminal work by Matsushita et al., it was demonstrated that B-cells can have both pro- and anti-inflammatory effects in rodent MOG-peptide induced EAE \[[@B92-ijms-19-03233]\]. They found that treatment with anti-CD20 treatment could either exacerbate disease if administered before disease was induced or, conversely, it would reduce disease if administered at the first clinical signs of EAE. The authors speculated that this result was because early depletion of B-cells primarily reduced regulatory B-cells in the periphery, while later B-cell depletion was able to target the pathogenic B-cells in the CNS which developed after the disease had time to develop.

Much of the understanding of the various roles of B-cells in neuro-inflammation comes from studies using mouse models. The three primary mechanisms through which B-cells can contribute to disease progression have also been examined using the EAE model.

The role of autoantibodies in disease has been extensively examined in the EAE model. The transfer of MOG-specific autoantibodies in mice does not induce any measurable disease and transgenic mice with MOG-specific autoreactive B-cells largely fail to develop spontaneous EAE. However, there is ample evidence that autoantibodies can contribute to and exacerbate existing disease. So, while transfer of autoantibodies does not induce disease, their addition during EAE makes the disease more severe \[[@B93-ijms-19-03233]\]. Similarly, crossing transgenic mice with MOG-specific autoreactive CD4+ T cells with MOG-specific B-cells mice results in mice with a high frequency of spontaneous EAE while each transgenic mouse strain has a low incidence of spontaneous disease \[[@B94-ijms-19-03233]\]. Another study that points to the importance of autoantibodies shows that depleting CD19+ B-cells is more effective than CD20+ depletion because it depletes the antibody-secreting plasma cells \[[@B95-ijms-19-03233]\].

B-cells can also contribute to disease progression through the production of inflammatory cytokines, particularly IL-6. The importance of B-cell-derived IL-6 was demonstrated by Barr et al., where they demonstrate that the depletion of B-cells is effective at reducing EAE disease progression through the reduction of B-cells-derived IL-6 \[[@B53-ijms-19-03233]\]. This IL-6 was shown to be a significant stimulant for T cells, particularly Th17 cells. In a different autoimmune model, it was shown that B-cell-derived IL-6 was necessary for mice with SLE to develop spontaneous ectopic lymphoid follicles \[[@B96-ijms-19-03233]\].

Finally, it has been shown by two independent research groups that MHCII on B-cells was necessary for fulminant disease development in EAE; a model that has been shown to be B-cell-dependent. Furthermore, they found that disease was only developed when the MHCII-positive B-cells were specific for autoantigens. When they used transgenic mice with B-cell receptors that do not recognize MOG, these mice failed to develop disease as well \[[@B97-ijms-19-03233],[@B98-ijms-19-03233]\].

6.2. TFH Cells in EAE {#sec6dot2-ijms-19-03233}
---------------------

Based on the abundant correlative data between TFH cells and disease in MS patients, research has begun to examine TFH cells in the EAE model in order to better understand their mechanism of action in promoting disease. This recent work has begun to shed light onto the role of TFH cells in neuro-inflammation and has mirrored many of the results found in MS patients ([Table 1](#ijms-19-03233-t001){ref-type="table"}).

Similar to human studies, many of the studies in mice examining TFH cells are simply looking at correlative data. For example, one study reported that Laquinomod effectively treated human MOG-induced and the efficacy was correlated with reduced TFH frequency and B-cell aggregates in the CNS \[[@B99-ijms-19-03233]\]. This work suggests that TFH cells are linked with disease progression. Furthermore, our research found that, in the CNS tissue, infiltrating TFH numbers are correlated with B-cell numbers. Additionally, the frequency of TFH cells is in turn correlated with the frequency of class-switched B-cells. This correlation was not observed in CXCR5- CD4+ T cells, indicating that there is a functional relationship between B-cells and TFH cells in particular during EAE disease \[[@B75-ijms-19-03233]\].

Peters et al., in their examination of ectopic follicles in Th17-EAE, found that the transferred Th17 cells began to take on a TFH-like phenotype in the CNS tissue during EAE. This includes expression of CXCR5, ICOS, and even BCL6 \[[@B74-ijms-19-03233]\]. Importantly, they also found that the transfer of pathogenic Th17 cells into healthy recipient mice led to the development of ectopic lymphoid follicles, while the transfer of Th1, Th2, and Th9 helper T cells did not. Finally, this formation of ELFs in the CNS of Th17-EAE mice was accompanied by the increased expression of the chemokine CXCL13. They speculate that perhaps this chemokine is playing a critical role in the formation of the follicles in the CNS tissue.

This relationship between CXCL13 and Th17 was examined in several more recent works. First, in Klimatcheva et al., they found that a CXCL13 neutralizing antibody was protective in Th17-induced EAE but had no effect on Th1-EAE in the relapsing-remitting EAE model in SJL mice \[[@B100-ijms-19-03233]\]. In a challenge with the model antigen NP-KLH, they found that anti-CXCL13 did not significantly affect affinity maturation, but seemed to reduce the size and number of germinal centers in the spleen. This led them to suggest that the antibody was inhibiting cell recruitment to the follicle, leading to the reduction of germinal centers \[[@B100-ijms-19-03233]\]. Our group confirmed that the CXCL13 antibody was also able to protect against Th17-EAE in our C57BL/6 model of disease. We also observed that the antibody had limited effects on B-cell trafficking to the CNS, but instead seemed to affect only the CXCR5+ T cells \[[@B75-ijms-19-03233]\]. This is congruent with previous data that CXCL13^−/−^ mice have no significant change in the number of infiltrating B-cells during active EAE \[[@B101-ijms-19-03233]\].

Curiously, we found that although B-cell infiltration is not altered by anti-CXCL13, we found that the efficacy of the antibodies relies on the presence of B-cells. In B-cell-deficient mice, there was no significant effect of anti-CXCL13 despite reduction in the TFH population in the CNS. Therefore, we speculate that anti-CXCL13 is disrupting the TFH population in the CNS, which is in turn disrupting the pro-inflammatory activities of B-cells discussed above \[[@B75-ijms-19-03233]\]. Recently, it was shown that TFH cells are also elevated in active EAE within both the spleen and spinal cord of mice with EAE. These TFH cells led to increased MOG-specific antibodies via an IL21-dependant mechanism. Finally, the transfer of these TFH cells to mice with EAE prolonged the severity of paralysis compared to mice that did not receive an injection of TFH cells \[[@B102-ijms-19-03233]\].

7. The TH17-TFH-B Cell Axis in MS and EAE {#sec7-ijms-19-03233}
=========================================

Th17 CD4+ helper T cells, a unique subset of helper T cell capable of producing IL-17, were discovered in 2005 \[[@B103-ijms-19-03233],[@B104-ijms-19-03233]\]. Around this time, it was demonstrated that IL-23 is a critical cytokine in EAE development \[[@B105-ijms-19-03233]\], and it leads to the development of T cells which produce IL-17 in neuroinflammation \[[@B106-ijms-19-03233]\]. Since these critical discoveries, it has become clear that Th17 cells are an important subset of T cells in the development of EAE. In MS patients, there is evidence of IL17-producing cells infiltrating CNS tissue \[[@B107-ijms-19-03233]\]. These Th17 cells are elevated in the cerebrospinal fluid (CSF) of MS patients during relapses \[[@B108-ijms-19-03233]\]. It was also demonstrated that Th17 cells can traffic to the CNS and infiltrate across the blood brain barrier (BBB) via the choroid plexus \[[@B109-ijms-19-03233]\].

Importantly, pathogenic Th17 are producers of IL-21 and are effective B-cell helpers \[[@B110-ijms-19-03233]\]. Similarly, there is significant evidence that B-cells in turn can support the survival and activities of Th17 cells under both normal conditions \[[@B111-ijms-19-03233]\] and in MS disease \[[@B56-ijms-19-03233]\]. Because of this close relationship between these two populations, it is not surprising that a Th17 signature is associated with elevated numbers of B-cells \[[@B75-ijms-19-03233],[@B112-ijms-19-03233]\] and even ectopic lymphoid follicles \[[@B74-ijms-19-03233]\].

There is also evidence that Th17 cells provide the inflammatory environment to induce the trafficking of TFH cells into the CNS. We found that myelin-specific TFH cells alone were unable to traffic into the CNS; myelin-specific Th17 cells could traffic into the CNS and lead to a second wave of TFH cells infiltrating the CNS \[[@B75-ijms-19-03233]\]. These data demonstrate that Th17 cells create an inflammatory environment that allow TFH cells to enter the CNS, proliferate, and contribute to the severity of inflammation. One interesting variation of this mechanism in human disease is the Th17-like TFH cells. These cells have the chemokine receptor of Th17 cells as well as the capacity to produce Th17 cytokines. Therefore these TFH cells could, in theory, initiate disease and act in their TFH role as disease develops.

Our data also suggest that the infiltration of TFH cells into the CNS is significantly dependent on CXCL13 because the blockade of CXCL13 through neutralization antibody treatment results in a decrease in the CNS TFH population \[[@B75-ijms-19-03233]\]. Interestingly, this treatment does not alter the infiltration of Th17 or B-cell populations. Therefore, B-cells must be trafficking into the CNS independent of CXCL13 \[[@B101-ijms-19-03233]\]. One possible mechanism is through the chemokine CXCL12 which has been shown to play a role in B-cell trafficking \[[@B113-ijms-19-03233]\] and is also present in MS lesions \[[@B76-ijms-19-03233]\].

These data taken together point to an axis linking pathogenic Th17 cells, TFH cells, and B-cells ([Figure 1](#ijms-19-03233-f001){ref-type="fig"}). This connection is robust because each population supports the survival, proliferation, and activities of the other populations. It is also reinforced by several key cytokines which act on, or are produced by these three cell populations. These cytokines include those discussed throughout this review such as IL-21, CXCL13, and BAFF. This axis is found in many other autoimmune disorders such as SLE, RA, Sjogren's Syndrome, and neuromyelitis optica (NMO). This further shows how fundamental these relationships are to a pathogenic immune response.

8. Conclusions {#sec8-ijms-19-03233}
==============

In the past decade, follicular T helper cells have been shown to be critical mediators of immune responses in many different infection and autoimmune models, and this seems to be consistent in multiple sclerosis. Although the data is primarily correlative in patient samples, it has been consistently shown that TFH cells, their markers, and their products are elevated in MS patients, particularly when disease is elevated. This also goes for Th17 cells and B-cells. Complimentary studies in the mouse model of the disease have shown more clearly that TFH cells are critical mediators of disease activity and particularly inflammatory B-cells activities. Therefore, these cells could be an important clinical target moving forward and could serve as a crucial link within the inflammatory axis consisting of Th17 cells, TFH cells, and B-cells.
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![Model of Th17-TFH-B-cell Axis in MS. Th17 cells infiltrate the CNS, secrete IL-17, and induce inflammation. (**1**) Th17 responses drive the production of the chemokine CXCL13 which will facilitate the trafficking of TFH cells into the CNS. (**2**) Once in the CNS, TFH cells secrete IL-21 and other factors to promote ectopic follicles and pathogenic B-cell responses. (**3**). Figure prepared using Motifolio, Toolkit (Motifolio Inc, MD, USA).](ijms-19-03233-g001){#ijms-19-03233-f001}
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Follicular T helper cell (TFH) molecules in multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE).

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Molecule     Multiple Sclerosis Data                                            EAE Data                                                                    References
  ------------ ------------------------------------------------------------------ --------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------
  **IL-21**    -Increased gene expression in CD4+ cells from blood and lesions\   -Decreased EAE in IL-21 knockout mice\                                      \[[@B17-ijms-19-03233],[@B66-ijms-19-03233],[@B67-ijms-19-03233],[@B70-ijms-19-03233],[@B71-ijms-19-03233],[@B72-ijms-19-03233],[@B73-ijms-19-03233]\]
               -Reduced in blood following treatment (mitoxantrone)\              -Additional IL-21 before EAE increases EAE\                                 
               -Genetic association with MS (GWAS)                                -IL-21 knockout mice still develop EAE                                      

  **IL-21R**   -Increased gene expression in CD4+ cells from blood and lesions    -IL-21R knockout mice still develop EAE\                                    \[[@B17-ijms-19-03233],[@B72-ijms-19-03233],[@B73-ijms-19-03233]\]
                                                                                  -IL21R knockout mice do not develop spontaneous EAE                         

  **CXCR5**    -Increased CXCR5+ cells in blood and lesions\                      -Increased CXCR5+ cells in central nervous system (CNS) tissue during EAE   \[[@B17-ijms-19-03233],[@B68-ijms-19-03233],[@B74-ijms-19-03233],[@B75-ijms-19-03233]\]
               -Genetic association with MS (GWAS)                                                                                                            

  **CXCL13**   -Increased protein in CSF and blood of RRMS patients\              -Increased in CNS tissue during EAE\                                        \[[@B74-ijms-19-03233],[@B75-ijms-19-03233],[@B76-ijms-19-03233],[@B77-ijms-19-03233],[@B78-ijms-19-03233]\]
               -Increased gene expression in active lesions vs inactive\          -Blocking CXCL13 is protective in EAE                                       
               -Reduced in blood following treatment (Rituximab)                                                                                              

  **ICOS**     -Increased gene expression in CD4+ cells from blood and CSF\       -Increased ICOS+ cells in CNS tissue during EAE\                            \[[@B17-ijms-19-03233],[@B74-ijms-19-03233],[@B79-ijms-19-03233]\]
               -Increased ICOS+ cells in blood                                    -Blocking ICOS late is protective in EAE                                    
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
